Crossovers have rarely been observed in specific association with interchromosomal gene conversion in mammalian cells. In this investigation two isogenic human B-lymphoblastoid cell lines, TI-112 and TSCER2, were used to select for I-SceI-induced gene conversions that restored function at the selectable thymidine kinase locus. Additionally, a haplotype linkage analysis methodology enabled the rigorous detection of all crossover-associated convertants, whether or not they exhibited loss of heterozygosity. This methodology also permitted characterization of conversion tract length and structure. In TI-112, gene conversion tracts were required to be complex in tract structure and at least 7.0 kb in order to be selectable. The results demonstrated that 85% (39/46) of TI-112 convertants extended more than 11.2 kb and 48% also exhibited a crossover, suggesting a mechanistic link between long tracts and crossover. In contrast, continuous tracts as short as 98 bp are selectable in TSCER2, although selectable gene conversion tracts could include a wide range of lengths. Indeed, only 16% (14/95) of TSCER2 convertants were crossover associated, further suggesting a link between long tracts and crossover. Overall, these results demonstrate that gene conversion tracts can be long in human cells and that crossovers are observable when long tracts are recoverable.
In mammalian cells, gene conversion without associated crossover has been widely reported for both intrachromosomal and interchromosomal recombining substrates (13, 51, 62, 80, 87) . However, most studies to date have not succeeded in associating interchromosomal crossovers with specific conversion tracts (37, 67, 71, 80, 83) ; reports of crossovers are rare (7, 72) . Nevertheless, presumptive interchromosomal crossovers, in the form of chromosome-scale loss of heterozygosity (LOH), are commonly observed in mammalian cells. LOH is the major contributor to the mutational spectrum in mice and humans (31, 33, 47, 49, 78) , notably at tumor suppressor loci (3, 11, 15, 25, 34, 35, 40, 68, 88, 89) . Crossover products have also been associated with intrachromosomal recombination between repeat sequences in mammalian cells (12, 30, 52, 75) , and similar outcomes are observed during the integration of plasmids into host cell chromosomes (9, 48, 90) . Additional evidence for crossovers in mammalian cells is provided by the relatively frequent occurrence of sister chromatid exchange (94) , although these products may also result from other mechanisms (56) . Since the occurrence of crossovers in mammalian cells has been clearly demonstrated, the absence of crossovers associated with specific interchromosomal gene conversion tracts requires further explanation.
Several mechanisms have been proposed to explain the preference for gene conversion without associated crossover in eukaryotic organisms. Crossover is believed to require the formation of Holliday intermediates (17, 36, 44, 76, 77) and their resolution through structure-specific endonuclease scissions (79) . Theoretically, half of Holliday junctions that are resolved through scissions would be cut in a configuration that results in crossover (36) . However, crossovers can be precluded by welldescribed recombinational pathways that do not meet these requirements. For example, recombinational exchanges may occur through synthesis-dependent strand annealing (24, 63, 65) , in which strand invasion intermediates are removed following repair synthesis but before Holliday junctions can form, thus partially accounting for the absence of associated crossovers. Once formed, Holiday junctions can be resolved without endonuclease scissions, through the unwinding action of a complex involving topoisomerase III and a RecQ family helicase such as BLM (95) . A third possibility is that endonuclease resolution inherently favors scissions in a configuration leading to noncrossovers (18) . Furthermore, crossovers may require steps that can be suppressed, such as structural isomerization (80) . Branch migration, which may facilitate isomerization, also presents a target for regulation (58, 81) .
In yeast, the paucity of mitotic interchromosomal crossovers is correlated with the prevalent occurrence of short conversion tracts, suggesting a mechanistic link. One early study reported that specific selection for long, complex conversion tracts resulted in a very high crossover association (73) . Furthermore, crossovers are disproportionately associated with relatively rare long tracts in intrachromosomal or plasmid-based systems (1, 2) , and a reduction in the overall length of available homology has been found to reduce interchromosomal crossovers to a much greater extent than gene conversion (39, 41) . Enzymatic functions which have differential effects on gene conversion and crossover have also been shown to influence conversion tract length (1, 10, 53, 55, 85) , thus supporting the hypothesis that the occurrence of crossover is linked to tract length.
In this investigation we evaluated the hypothesis that tract length will also be one of the primary determinants of cross-over association in mammalian cells. This issue has been addressed in an intrachromosomal recombination study (30) , but no systematic analysis for interchromosomal recombination has been previously reported. In order to study the crossover association of interchromosomal gene conversion in human cells, we employed a haplotype linkage analysis (HLA) methodology (67) . The HLA approach enabled linkage determinations within the selectable locus, as well as for flanking heterozygous loci within a study region of 1.9 megabases. For this investigation we developed a pair of isogenic cells lines, each of which contains an I-SceI endonuclease recognition sequence within the endogenous thymidine kinase (tk) locus. In cell line TI-112, where selectable conversion tracts must be a minimum of 7.0 kb in length and complex in tract structure, the crossover association was 48%. In contrast, cell line TSCER2 (37) permits a wider range of selectable conversion tract lengths, including continuous tracts as short as 98 bp; the crossover association in this system was 16%. In some cases, the HLA system also permitted the identification of unselected conversion tracts that were cosegregated into convertant clones with selected conversion tracts. These unselected conversion tracts were often long, even though length was not a prerequisite for their recovery, thus suggesting that tracts of 7 kb and longer can frequently occur in interchromosomal recombination. These results demonstrate that even in the absence of selection, crossovers are particularly associated with long conversion tracts in human cells. The observation of crossovers in the present investigation, which is in contrast to a previous study of this issue (83) , is due to the robust ability of the experimental system to recover and fully analyze long and complex conversion tracts.
MATERIALS AND METHODS
Cell lines used and locations of polymorphic markers. The TK6 cell line (50) is a well-characterized human B-lymphoblastoid cell line that is functionally heterozygous at the tk locus. The human tk locus is located on chromosome 17q, 73.7 Mb from 17pTel and 5.1 Mb from 17qTel (46) . The gene is 12.9 kb long with 702 bp of coding region (14, 26) and codes for a protein involved in a salvage pathway for dTTP biosynthesis. Forward selection to TK Ϫ can be accomplished using trifluorothymidine (TfT) (82) , and reversion to TK ϩ can be obtained using cytidine, hypoxanthine, aminopterin, and thymidine (CHAT) (16, 50) .
Cell lines TSCER2 and TI-112 are isogenic tk Ϫ/Ϫ derivatives of TK6. The structures of the tk locus in the two cell lines are shown in Fig. 1 , with the transcriptional direction towards the centromere as shown by human genome sequencing (46) . TK6 is mutated in exon 4 of allele B of the tk gene, with a single-base C frameshift (FS) insertion in a run of three Cs at position 4864 of the genomic DNA sequence. There is a phenotypically silent FS insertion on allele A in a run of four Gs at position 12690 in exon 7 (32) . TSCER2 was generated as described previously (37) . In brief, a two-step gene targeting was performed to introduce an I-SceI site into intron 4 of TK6 to create cell line TSCE5. The 31-bp I-SceI recognition sequence and linker DNA are located in a BglII site at positions 11815 to 11820. Cell lines TSCER2 and TI-112 are TfT-resistant spontaneous tk Ϫ/Ϫ mutants of TSCE5. TSCER2 is mutated in position 11923, with a G-to-A transition (TS) resulting in a change of codon from a TGC (cysteine) to TAC (tyrosine). TI-112, newly collected for this study, has a G-to-A TS at Intragenic polymorphic markers are shown in bold, and the tk-inactivating mutations are underlined. Three polymorphisms in the coding portion of the gene used for analysis are common to both cell lines: an inactivating FS insertion at exon 4 on allele B, a silent FS insertion in exon 7 on allele A, and a 31-bp insertion containing the I-SceI recognition sequence in intron 4. The two cell lines differ for the tk-inactivating mutation on allele A. TSCER2 has a TS mutation in exon 5. TI-112 has a TS mutation in exon 1. The parental linkage groups are defined as A or B and are shown in black or gray, respectively. Polymorphisms at the flanking polymorphic microsatellites D17S937, D17S802, and D17836 depicted here were also analyzed to determine the extent of LOH and establish linkage relationships. Physical distances between each marker are presented, as are the positions of the TK1 locus and flanking markers on chromosome 17q. (B) The expected gene conversion patterns from the two cell lines are depicted. Both cell lines could also be restored by a switch in linkage between the two inactivating mutations (not shown).
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position 574 resulting in a codon change of GGG (glycine) to AGG (arginine). Cell lines were maintained in RPMI 1640 with 10% iron-supplemented calf serum, 1% L-glutamine, and 1% penicillin-streptomycin mix and cultured at 37°C with 5% CO 2 , with the cell density kept between 2 ϫ 10 5 and 10 ϫ 10 5 cells/ml. Frequency determinations and collection of independent revertants. TI-112 and TSCER2 cells were pretreated with 2 g/ml TfT for 2 days to remove preexisting revertants and expanded to a minimum of 1 ϫ 10 7 cells/flask. Cells were electroporated using the AMAXA Biosystems electroporator, program A30, in company-provided solution V using recommended cell preparation and conditions. For both frequency determinations and independent revertant collections, 1 ϫ 10 7 cells were electroporated with 20 g I-SceI expression vector pCBASce (71) . Immediately following electroporation, the cells were separated into 10 to 20 flasks for collecting independent revertants. Following a phenotypic expression and cell recovery period of 4 to 5 days cells, were plated in CHAT medium to select for TK ϩ revertants. Control cells were untreated and maintained alongside the treated cells. TSCER2 cells were plated at a concentration of 1 ϫ 10 4 cells/well, and TI-112 cells at 4 ϫ 10 4 cells/well, in 96-well plates. Plates were scored on days 12 to 14 for normal-growth revertants and also on days 21 and 28 for slow-growth revertants. This slow-growth phenotype is presumed to be due to a tk-linked gene near the telomere on 17q, which specifically shows a slow-growth phenotype when this gene becomes coordinately homozygous with tk allele B (4, 5) . TSCER2 colonies were subcloned to ensure that colonies derived from single TK convertants. TI-112 convertants occurred at lower frequencies and so did not require subcloning to ensure independence.
Collection of HLA clones. The collection of clones for HLA was performed as previously described (67) . In brief, for each convertant clone, a small set of spontaneous TfT-resistant mutants was collected and analyzed for LOH at the flanking microsatellite loci in order to identify at least one clone that was coordinately LOH at tk-flanking microsatellite markers D17S937, D17S802, and D17S836. This convertant was used for all subsequent haplotype analyses.
Genomic analysis of TK convertant and derivative haplotype clones. DNA purification and PCR of tk intragenic and flanking microsatellite markers was performed as previously described (28, 32, 67) . The PCR products containing the intragenic tk markers were sequenced by capillary electrophoresis (ABI) and visualized using standard software (Chromas). Primers were obtained from Invitrogen Inc.
RESULTS
Overview of experimental system. This study was designed to define the spectrum of gene conversion events in an isogenic pair of human lymphoblastoid cell lines, including the fraction of conversions that are associated with crossover, as well as the lengths and internal structures of conversion tracts. The cell lines used for this analysis differ only in the placement of inactivating mutations in the tk locus (Fig. 1A) . In cell line TI-112, there are no continuous tracts that are selectable. Only very long (7 or 11.2 kb) and complex conversion tracts can be selected (Fig. 1B) . Recoverable complex conversion tracts include conversion of the I-SceI site together with conversion of the exon 4 FS on the donor allele, discontinuous conversion of the more distal exon 1 TS, or a switch in linkage between these two inactivating mutations without conversion of either marker. Continuous conversion tracts extending through the exon-inactivating FS mutation (Fig. 1A) would result in a homozygous mutant, which would not be a selectable outcome. With the TSCER2 cell line, there are five possible continuous tracts involving the four intragenic markers, but only two are TK ϩ and selectable ( Fig. 1B) : tracts from I-SceI to exon 5 (98 bp) and from I-SceI to exon 7 (865 bp). These tract lengths are minimal. Longer tracts that extend beyond the intragenic markers could also be recoverable, except those that involve coconversion of the exon 4 FS. The overlapping capabilities of these two cell lines provide a broad window for construction of a comprehensive spectrum of gene conversion tracts.
Using these cell lines and HLA (see below), convertants could be categorized as no crossover (No-CO) if LOH or linkage switches were localized to intragenic markers. A linkage switch that occurs in the absence of a crossover of flanking markers is evidence of either double-crossover resolution of flanking Holliday junctions or independent resolution of mismatches within symmetric heteroduplex DNA. In addition, all three possible single-crossover products could be unambiguously distinguished through flanking marker analysis ( Fig. 2) : crossover with no flanking marker LOH (CO-No-LOH) or crossover with homozygosity for telomeric microsatellite polymorphisms linked to the "A chromosome" (CO-LOH-A) or the "B chromosome" (CO-LOH-B). The A chromosome contains the I-SceI cut site and is therefore the cut chromosome, while the B chromosome is the donor chromosome. Crossovers that lead to flanking marker LOH are expected to represent half of such events, whereas the remaining half of crossovers do not produce LOH (Fig. 2) . Typically, this can lead to underrepresentation of crossover estimates, although the HLA system minimizes the likelihood of a significant underestimate. Still, due to the requirements of producing a selectable outcome, some products may be underrepresented, so the crossover measurements reported here should be regarded as minimal.
HLA of conversion and crossover in human cells. The characterization of intragenic conversion tracts and the rigorous identification of crossovers were performed through HLA (Fig.  3) . HLA is a stepwise process based on the ability to alternately select TK ϩ and TK Ϫ phenotypes and the frequent occurrence of multilocus LOH as a mechanism for generation of tk Ϫ/Ϫ mutants. Since LOH results in homozygosity for one of the parental haplotypes, the linkage relationship of every marker in that haplotype can be unambiguously established, and the linkage relationship for the second haplotype can be subsequently deduced. HLA begins with the selection of a small set of derivative tk Ϫ/Ϫ clones from each independent tk ϩ/Ϫ convertant by using growth in TfT (Fig. 3 ). These derivative clones are then screened for LOH at flanking microsatellite markers, since a linkage switch for these distant markers can be used to establish the occurrence of crossover. Since D17S802 is relatively close to the locus (64 kb) and conceivably may be included in a conversion tract, an additional telomeric marker, D17S836, 1.1 Mb from tk was also examined in each clone to firmly establish crossovers. HLA analysis was routinely performed for the intragenic markers and three flanking microsatellite markers, enabling linkage relationships to be determined for a 1.9-Mb region encompassing the TK gene (Fig. 1A) .
HLA was also able to demonstrate the length and complexity of intragenic conversion tracts (Fig. 4 to 6 ) and in some cases to discriminate cosegregating conversion tracts arising from independent I-SceI-induced breaks (Fig. 7 ). While this is very powerful, it also produces complex outcomes in individual clones. Still, analysis of the aggregate of convertant clones allows patterns to emerge that can be associated with specific models for recombination.
FIG. 3. Methodology for HLA. A parental tk
Ϫ/Ϫ allelotype and three anticipated allelotypes of tk ϩ/Ϫ CHAT-resistant convertants with or without crossover are depicted. A set of tk Ϫ/Ϫ TfT-resistant derivative clones are isolated from each convertant for the purposes of analysis only and screened for LOH encompassing flanking microsatellite markers. tk Ϫ mutants are depicted as homozygous, since this is the dominant spontaneous LOH product. In several cases multiple derivative clones were analyzed, and in each case the marker patterns were the same (data not shown). The linkage relationship in the parental convertant can be established by identification of which alleles become coordinately homozygous at the flanking microsatellite loci among tk Ϫ/Ϫ mutants. Conservation of the parental linkage confirms the absence of crossover associated with the localized gene conversion within the tk locus. An altered linkage of flanking microsatellites indicates crossover.
FIG. 4. Summary of conversion tract lengths from TI-112 (A) and TSCER2 (B)
. Conversion tract lengths represent intragenic polymorphic markers known to be included within the tract and are therefore minimal tract length estimates. These tract lengths represent both converted and unconverted markers; an intragenic marker which is unconverted is considered part of the conversion tract if it is established that the marker was between the DSB and the site of a crossover or another conversion. HLA allows the conversion tracts on both recombining alleles to be determined; for simplicity, the longer conversion tract is presented, except in the case of CO-LOH convertants, where the crossover allele is always presented. In two cases, conversion tract lengths were not determined (ND).
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An estimated 48% of TI-112 convertants are associated with crossover. TI-112 convertants were recovered at a total frequency of 1.54 ϫ 10 Ϫ6 (Table 1) , which represents an increase of approximately 2 orders of magnitude over the background level (Ͻ0.06 ϫ 10 Ϫ6 ). A total of 36 independent normalgrowth convertants as well as 9 slow-growth convertants were collected from TI-112 for an analysis of crossover association and conversion tract spectrum. Using HLA analysis, it was determined that 48% of this set of convertants were crossovers, corresponding to a frequency of 0.74 ϫ 10 Ϫ6 (Table 1 ). The observed crossovers were distributed fairly evenly among each of the three crossover categories (Table 1) . A summary of the conversion tract lengths by crossover classification is presented in Fig. 4A , and allelotypes for individual convertants are provided in Fig. 5 .
A total of 16% of TSCER2 convertants are associated with crossover. The I-SceI-induced conversion frequency in TSCER2 was 40.7 ϫ 10 Ϫ6 (Table 1) , at least 400-fold greater than background levels (Ͻ0.1 ϫ 10 Ϫ6 ) and a much greater induction than seen in TI-112. The higher induction in TSCER2 than in TI-112 may be due to the ability to produce selectable tracts in which the inactivating mutation linked to the double-strand break (DSB) can be converted in continuous tracts initiated at the DSB. In contrast, TI-112 requires a discontinuous or donor marker conversion, both of which are known to be rare (Fig. 1) . A collection of 94 normal-growth convertants and one rare slow-growth convertant were obtained from TSCER2 for an analysis of crossover association and conversion tract spectrum. A total of 16% of TSCER2 convertants were associated with a crossover, which was threefold lower than the crossover fraction in TI-112 (Table 1) .
A summary of the conversion tract lengths by crossover FIG. 5 . TI-112 convertant allelotypes. The allelotypes for 37 normal-growth and 9 slow-growth CO-LOH-B recombinant clones are presented for two flanking and four intragenic tk markers. TK-inactivating mutations are underlined. Although D17S836 is not shown, it was also examined in all cases and never deviated from D17S802. Polymorphisms linked to the A chromosome are shown in black, except for the I-SceI site, which is depicted in white. Polymorphisms linked to the B chromosome are shown in gray. The single clone containing a striped I-SceI site (convertant allelotype o) represents a small deletion within the I-SceI insert. The mutant status of each tk allele is depicted as ϩ/Ϫ, Ϫ/ϩ, or ϩ/ϩ; these refer to the alleles on the A and B chromosome, respectively. There are multiple routes that can explain the complex patterns in any individual gene conversion tract; however, all are compatible with a model involving a double Holliday junction intermediate together with independent repair of heteroduplex positions. Changes observed on the uncut chromosome (rows c to j and l to t) offer particularly strong evidence for this hypothesis.
FIG. 6. TSCER2 convertant allelotypes. The allelotypes for 94 normal-growth and 1 slow-growth CO-LOH-B recombinant clones are presented for two flanking and four intragenic tk markers. TK-inactivating mutations are underlined. Although flanking marker D17S836 is not shown, it was also examined in all cases and never deviated from D17S802. Polymorphisms linked to the A chromosome are shown in black, except for the I-SceI insert, which is depicted in white. Polymorphisms linked to the B chromosome are shown in gray. The striped I-SceI site (convertant allelotype d) represents a small deletion/insertion event involving the I-SceI insert and several bases of flanking sequence and an insertion of two bases (GG). The mutant status of each tk allele is depicted as ϩ/Ϫ, Ϫ/ϩ, or ϩ/ϩ; these refer to the allele on the A and B chromosomes, respectively. The complexity seen here for CO-LOH-A convertants (rows f to n) is attributed primarily to the cosegregation of independent conversion tracts (see Fig. 7 ).
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classification is presented in Fig. 4B , and allelotypes for individual convertants are provided in Fig. 6 . Most of these crossovers were determined to be associated with LOH, and in particular CO-LOH-A (Fig. 4 and Fig. 6f to n), accounting for 0.13 of all convertants (Table 1 ). Random mitotic segregation should lead to an equal number of crossovers without accompanying LOH (CO-No-LOH), but only 1 CO-No-LOH convertant was observed ( Fig. 4 and 6e ), compared to 12 CO-LOH-A convertants ( Fig. 4A and 6f to n). CO-LOH-B convertants (Fig. 6o) , which provide a measurement of long and discontinuous conversion tracts in TSCER2, constituted less than 0.01 of the overall spectrum (Table 1) . CO-LOH-A convertants frequently contain two independent cosegregated I-SceI-induced conversion tracts. The I-SceI site on tk allele A (Fig. 1 ) is expected to be lost during gene conversion, since extensive heterology is usually removed from the invading ends at the site of a recombinogenic break. However, cosegregation of a second, noncrossover copy of tk allele A in the CO-LOH-A class of convertants (Fig. 2) should result in the recovery of an intact I-SceI site unless this I-SceI site is also cut. Of 19 CO-LOH-A convertants (12 TSCER2 and 7 TI-112), only 1 (Fig. 5p) retained an I-SceI site, whereas 18 other CO-LOH-A convertants from TI-112 (Fig. 5q to t) and TSCER2 ( Fig. 6f to n) had lost the I-SceI site on the noncrossover allele. These results indicate that the I-SceI site on the cosegregating chromosome is often cut at some point in the process.
HLA provides a methodology to directly determine the status of the I-SceI site on the noncrossover allele as well as to map a second, independent conversion tract that may result from cleavage of this site (Fig. 7) . Selectable CO-LOH-A convertants can be wild type on the crossover allele or the noncrossover allele, which can be discriminated by separate HLA outcomes (Fig. 7 , classes 2 and 3); class 4, in which convertants are wild type on both alleles, can be distinguished during the initial genotyping of the parental convertant. HLA would also FIG. 7 . HLA can distinguish two independent cosegregating conversion tracts. In CO-LOH-A convertants, a crossover tk allele B cosegregates with the sister chromatid tk allele A that was not involved in the crossover. This cosegregating allele also has an I-SceI site which may also be cut and repaired. There are four possible configurations of convertant clones, which differ depending on whether a second cut occurred and whether one or both of the cosegregating tk alleles were tk ϩ or tk Ϫ . Therefore, there are also four possible types of HLA clones, as shown: 1, the I-SceI site on the cosegregating noncrossover allele remains uncut; 2, the I-SceI site on the noncrossover allele is cut and repaired but the allele remains tk Ϫ ; 3, the I-SceI site on the noncrossover allele is cut and repaired, and the allele is converted to tk ϩ ; 4, both crossover and noncrossover alleles are tk ϩ , precluding haplotype analysis. Only two convertants in category 4 were observed. Multiple conversion tracts can produce a tk ϩ or a tk Ϫ allele. a The overall gene conversion frequency is derived by adding the frequencies from the colony-forming assay scored on day 14 and 21 followed by verification of the drug resistance and doubling times of selected colonies. Each frequency is the average from 5 to 11 replicates. The standard errors of the means for the TI-112 day 14 and 21 frequencies were Ϯ0.22 ϫ 10 Ϫ6 and Ϯ0.017 ϫ 10 Ϫ6 , respectively. The standard errors of the means for the TSCER2 day 14 and 21 frequencies were Ϯ4.77 ϫ 10 Ϫ6 and Ϯ0.126 ϫ 10 Ϫ6 , respectively. The frequencies of untreated TI-112 and TSCER2 were Ͻ0.06 ϫ 10 Ϫ6 and Ͻ0.1 ϫ 10 Ϫ6 , respectively.
b The estimated frequencies of convertant classes No-CO, CO-No-LOH, and CO-LOH-A are calculated by multiplication of the total frequency on day 14 by the percentage that each class represents within each collection of normalgrowth convertants. Convertant classification is determined by haplotype linkage analysis.
c CO-LOH-B convertants are slow growing (see Materials and Methods) and are scored as late arising on day 21 and verified by the determination of doubling time.
d The overall crossover frequency represents the sum of the three crossover categories (CO-No-LOH, CO-LOH-A, and CO-LOH-B).
permit the identification of nonrecombinational DSB repair (DSBR) products. However, in all cases the I-SceI insert was lost without any deletion of flanking sequences, indicating that the cosegregating DSBR product was always a gene conversion rather than a small intragenic deletion. Additionally, in all but three cases (Fig. 5q) additional tk polymorphisms were coconverted, thus further confirming the classification of these cosegregating alleles as recombinational products.
Unconstrained gene conversion tracts are often long. Since only one of the two alleles must be wild type for a convertant to be selected as CHAT resistant (Fig. 7) , it was possible to recover and characterize cosegregated conversion tracts which were not constrained by the requirements of selection. Two separate conversion tracts were fully characterized in 16 CO-LOH-A clones derived from either TSCER2 or TI-112 (Table  2 ). In 14 convertants (Fig. 5q to t and 6f , g, and j to m), one of the two tk alleles is wild type and therefore necessary for growth in selective conditions; the conversion tract on the cosegregating allele, which retains an inactivating mutation, was thus unconstrained. Two cases (Fig. 6 h and i) involve cosegregating wild-type alleles. Both conversion tracts in each of these two cases are considered unconstrained for the purposes of this analysis.
This system was used to test the hypothesis that short conversion tracts would predominate when selection constraints were absent. Thus, the data (Table 2) are organized primarily by whether a tract was constrained by selection and its length; "long tracts" were defined as 7.0 kb or longer. Surprisingly, 10/18 unconstrained tracts were classified as long ( Table 2 ), indicating that long tracts are common when recoverable. The long, unconstrained conversion tracts were recovered on both crossover and noncrossover alleles. Constrained tracts in both TI-112 and TSCER2 conform to expectations regarding length (Table 2 ) and complexity (Fig. 5q to t and 6f, g, and j to m) .
Length of intragenic conversion tracts in TI-112. In addition to the unambiguous identification of crossovers associated with convertants, HLA permits the detailed analysis of polymorphic markers within the intragenic conversion tract, enabling the compilation of information regarding the length and complexity of the tracts. This system is not restricted to analysis of tracts on only the cut chromosome; tracts occurring on the donor chromosome are also distinguishable. A full representation of both tracts for all TI-112 clones (Fig. 5) and a summary of the distribution of conversion tract lengths from TI-112 convertants (Fig. 4A) are provided. In the summary, for simplicity, only one tract is presented for each clone. In some convertants (Fig. 5n) , the length of the conversion tract is inferred from the location of the crossover relative to the DSB site, since intervening markers remain unaltered. In each case, the longest tract is shown, in order to demonstrate the frequent association between long tracts and crossover. CO-LOH-A clones are an exception, since only one of the tracts is directly associated with the crossover, whereas the other tract occurred independently of the crossover and cosegregated into the convertant. Thus, the crossover-associated tract was selected for display in the summary analysis (Fig. 4) .
In TI-112, conversion tracts were all long (Fig. 4A ) except in the case of some unconstrained tracts (Table 2 ; Fig. 5q and r) . All remaining conversion tracts were a minimum of 7.0 kb long and as long as 12.1 kb. These are minimal estimates based on the position of the last known marker encompassed within the conversion tract. A large fraction (19/46; 41%) were observed to extend bidirectionally from the I-SceI site, and these occurred in both crossover and noncrossover clones (Fig. 4A) .
Complexity of conversion tracts in TI-112. In cell line TI-112, only long and complex conversion tracts can be selected (Fig. 1B) , although some unconstrained conversion tracts can also be recovered (Table 2) . Selectable complex conversion tracts include a long and discontinuous conversion of the marker linked to the I-SceI site, 11.2 kb away, skipping the intervening exon 4 marker (Fig. 5a to f, k to m, o, s, u, and v) . The second type is also long, with conversion of both the recipient I-SceI site and the donor exon 4 FS 7 kb from the cut site (Fig. 5g to i and p to r) . A third type is a switch in linkage of either inactivating mutation, which can restore a wild-type tk allele on either chromosome (Fig. 5j, n, and t) . The type of tract observed in any particular case is determined by whether the recombined A chromosome, the recombined B chromo- a An unconstrained conversion tract is one occurring on a tk allele that was not required for growth in CHAT. This allele can be tk ϩ or tk Ϫ . b A constrained conversion tract is one occurring on a tk allele required for growth in CHAT. This allele is always tk ϩ . c A noncrossover allele is defined here as the allele which segregated into a CO-LOH-A convertant and shows a parental arrangement for flanking microsatellite markers. This allele is often also recombined due to a second DSB-induced recombination event.
d A crossover allele is defined here as the allele which segregated into a CO-LOH-A convertant with rearranged flanking markers. e Long tracts are those which minimally encompass the exon 4 FS site. In some cases these tracts encompass every marker within the tk locus, representing a minimum tract length of 12.1 kb. All other tracts that do not meet these criteria are classified as short.
f NA, not applicable. A tract length comparison is not meaningful, since constrained TSCER2 tracts are necessarily short and constrained TI-112 tracts are necessarily long.
VOL. 27, 2007 CROSSOVER ASSOCIATED WITH LONG GENE CONVERSION TRACTS 5267 some, or both recombined chromosomes segregated into the convertant. By definition, only one of the two crossed-over chromosomes has segregated into a CO-LOH clone. This necessarily constrains conversion tract types in the CO-LOH-A and CO-LOH-B categories, although the selectable tracts are all complex. CO-LOH-B convertants are produced when the crossedover A chromosome cosegregates with the non-crossed-over B chromosome (Fig. 2) , which always showed the expected nonrecombinant parental haplotype (Fig. 5u to w) . Therefore, by necessity all nine CO-LOH-B convertants show discontinuous conversion of the inactivating exon 1 TS on the A chromosome ( Fig. 5u to w) . Conversely, CO-LOH-A convertants are cosegregation products of the crossed-over B chromosome and the non-crossed-over A chromosome (Fig. 2) . Therefore, with one exception (Table 2) , selected CO-LOH-A tracts show opposite-direction conversion of the exon 4-inactivating FS on the B chromosome ( Fig. 5p to t) . Although the aforementioned CO-LOH tracts appear to be donor chromosome gene conversions, a crossover-associated linkage switch could produce the same outcome. The ability to distinguish these possibilities requires that both recombining chromosomes are available to be characterized, which is precluded by the segregation patterns in CO-LOH convertants (Fig. 2) .
Both recombining chromosomes are cosegregated in CONo-LOH convertants, by definition (Fig. 2) . HLA is able to clearly identify this category of convertants, since the crossedover flanking markers identify the presence of reciprocally recombined chromosomes in the parental convertant (Fig. 3) . Analysis of the eight CO-No-LOH convertants recovered from TI-112 demonstrated that five were discontinuous conversions and the remaining three had undergone a crossover that included a function-restoring linkage switch of exon 1 ( Fig. 5k to o; Table 3 ). On the other hand, while half of the 22 No-CO convertants ( Fig. 5a to j; Table 3 ) will theoretically contain recombining chromosomes, they cannot be individually distinguished from nonrecombining cosegregants by flanking marker analysis. However, 17 of these No-CO convertants appear to have undergone conversion of exon 1 (Fig. 5a to f) , whereas only 1 (Fig. 5j) showed a linkage switch that was localized to the marker in exon 1. This strong pattern suggests that among recoverable No-CO convertants, exon 1 is much more likely to have undergone a conversion than a localized switch, although we cannot rigorously confirm that conclusion for each individual case as we can for each CO-No-LOH convertant. The remaining four No-CO convertants ( Fig. 5g to i ; Table 3) showed an opposite conversion of the exon 4 FS. However, other No-CO convertants exhibited a localized linkage switch of exon 4 together with discontinuous conversion of exon 1 (Table 3 ; Fig. 5e and f) . These results indicate that localized linkage switching and opposite conversion of the exon 4 marker both occur, although here again individual cases cannot be rigorously confirmed. Overall, with No-CO and CO-No-LOH convertants considered together, there were 22 gene conversions of exon 1 and 4 gene conversions of exon 4 (Table  3) . This difference is statistically significant (Fisher's exact test, P ϭ 0.01), suggesting that there is a mechanistic bias in favor of long conversion tracts that discontinuously convert the exon 1 TS (22/30). The preference for discontinuous conversion of exon 1 does not appear to be attributable to selection factors, since opposite-direction conversion of exon 4 was recovered in multiple cases.
Despite the preference for gene conversion of exon 1 as the mechanism for producing a selectable tk allele, alterations to one or more markers on the donor chromosome were seen frequently among both CO-No-LOH and No-CO convertants (Table 4) . Such alterations were seen among markers on both sides of the DSB; in two, donor alterations on both sides of the I-SceI cut site were observed within the same convertant ( Fig.  5e and f) . All donor chromosome alterations, whether due to donor allele gene conversion or linkage switching, are particularly significant since they are indicative of specific models for recombination which allow for these change to occur (see discussion). In total, 15/30 CO-No-LOH and No-CO convertants showed examples of opposite conversion or linkage switching within the conversion tract. The occurrences of these alterations within both categories were not significantly different from each other (Table 4 ; Fisher's exact test, P ϭ 0.21), a A comparison of observed conversion categories is limited here to the No-CO and CO-No-LOH classes, since they can show any of the listed convertant categories. This is in contrast to both CO-LOH classes, which are restricted in showing different conversion categories due to the mitotic segregation which produced them. There is a statistically significant preference for conversion of the more distant exon 1 marker over conversion of the more DSB-proximal exon 4 FS on the template allele, compared to a null hypothesis that the two categories would be recovered with equal frequency (Fisher's exact test, P ϭ 0.01). suggesting that crossover and noncrossover convertants share a common recombination intermediate.
Crossovers are mostly associated with long tracts in TSCER2. The spectrum of conversion tract lengths is presented for 95 TSCER2 convertants (Fig. 4B) . In TSCER2 short and continuous conversion tracts 98 bp in length are selectable. The only tracts not selectable are long tracts that coconverted the exon 4-inactivating FS mutation, As expected from selection constraints, most tracts (86/95) were classified as short (Fig. 4B) . Among 81 No-CO convertants (Fig. 6a to d) , all converted the nearby exon 5 TS polymorphism, and 42/81 of these tracts also involved coconversion of the exon 7 FS (Fig.  6b) . Although complexities in TSCER2 conversion tracts were less common than in TI-112, they were observed in 6 of 95 convertants, including all 3 crossover categories. The complex tracts included two CO-LOH-A and one CO-No-LOH conversion tracts in which the exon 7 FS was transferred to the donor chromosome (Fig. 6e, l, and m) . Additionally, a long and discontinuous conversion tract was observed in a CO-LOH-B convertant (Fig. 6o) , as is required for this class of crossovers. Finally, two No-CO convertants that exhibited opposite-direction conversion of the exon 7 FS (Fig. 6c ) also met our criteria for classification as complex.
Surprisingly, 7/95 long tracts encompassed the exon 4 FS (Fig. 4B) , despite our expectation that this site could not be included within selectable conversion tracts. These seven long tracts included the single discontinuous CO-LOH-B convertant (Fig. 6o) and six crossover-associated tracts from CO-LOH-A convertants (Fig. 6j to m) . The six CO-LOH-A tracts were unconstrained (Table 2) and were recoverable only when cosegregating with an independent, selectable conversion tract into a CO-LOH-A recombinant. A further surprise is that long unconstrained tracts occurred in at least half of TSCER2 crossovers; the remaining 5/12 tracts were short CO-No-LOH and CO-LOH-A tracts. Since crossover-associated tracts of any length were recoverable in TSCER2, the high fraction of long tracts in these 12 convertants suggests that long tracts are common among crossovers. This observation is consistent with other lines of evidence, as discussed above (Table 1) , that suggest a significant relationship between tract length and the occurrence of crossover.
Rare recombinants retain I-SceI sequence linked to a converted marker. Three convertants were recovered which defied expectations that the I-SceI site should always be converted when linked to the conversion of adjacent markers. In two of these three convertants (Fig. 5o and 6d ) the I-SceI insert was partially deleted. Both cases are consistent with end-joining repair of a DSB. In addition, one CO-LOH-B clone retains a complete I-SceI insert on the chromosome which is also crossed over (Fig. 5w) . As a group these three convertants could represent spontaneous recombinants, which may have also been cut and repaired by nonhomologous end joining within the same clone. Alternatively, these events could be attributable to triparental recombination involving both a sister chromatid and a homologous chromosome (see Discussion).
DISCUSSION
We report here the first extensive analysis of DSB-induced interchromosomal crossover in mammalian cells and descriptions of associated gene conversion tracts. This investigation was enabled by the development of an HLA methodology that provided an unambiguous demonstration of crossover as well as analysis of internal details of conversion tracts. The results demonstrate that crossovers are more frequent than anticipated, that conversion tracts in human cells are often many kilobases long and strongly associated with crossovers, and that long tracts are sometimes associated with internal complexities suggestive of recombination involving a double Holliday junction intermediate. We also report the first characterization of unselected interchromosomal conversion tracts from mammalian cells.
LOH is the product of crossover. Homozygosity of multiple linked chromosomal loci that is not due to mitotic nondisjunction has been commonly used in mammalian cells as an indication of crossover (60, 91) . However, since the associated gene conversions and alternate segregation products cannot be observed, the possibility that other, noncrossover mechanisms could explain observations of LOH has remained. We have reported here interallelic crossovers with and without LOH, as expected for alternative segregation of crossover chromatids in postreplicative cells. I-SceI-induced crossovers were always associated with conversion within the gene (Fig. 5 and 6 ) and often produced homozygosis of the tk-flanking microsatellite polymorphism linked to the DSB (Fig. 5p to t and 6f to n) . This is not what would be expected for the products of an alternate mechanism for extensive homozygosity known as break-induced replication (BIR) (54) . Those products that did show homozygosity for the flanking markers on the donor chromosome (CO-LOH-B) were also discontinuous from the site of the DSB (Fig. 5u to w and 6o) ; again, this is not what has been observed for BIR (45) . In this pathway, a single broken end invades and initiates replication of whole chromosomal arms while the terminal fragment produced by the break is lost; BIR thus results in homozygosity for markers on the unbroken chromosome. Therefore, the results presented here confirm that LOH may commonly result from mitotic crossover. This does not exclude the possibility that I-SceI-induced DSBs could also produce the types of terminal multilocus LOH seen in tumor cells (15) by a BIR mechanism, since these would not be selectable outcomes in TSCER2 and TI-112.
Crossovers are associated with long conversion tracts. Among the few previous studies of interchromosomal gene conversion tracts and crossover in mammalian cells (29, 71, 72, 80, 83) , crossovers have been rarely if ever observed. Some authors have therefore hypothesized that crossovers are suppressed in mammalian cells (83) . We report here, however, that 16% of convertants in TSCER2 were associated with a crossover ( Table 1 ), indicating that crossovers can be associated with conversion in mammalian cells at a level comparable to that in Saccharomyces cerevisiae (54, 64) . For S. cerevisiae it has also been reported that a minimum of 1.7 kb of homology was required to recover DSB-induced crossovers (39) . Those authors further proposed that this length represents the minimal region necessary to form a stable double Holliday junction structure. An analysis of our results (Fig. 4) also suggests a strong association of long tracts and crossovers. We observed here that 7/12 TSCER2 crossovers were associated with conversion tracts that were minimally 7.0 kb in length (Fig. 4) , which is consistent with expectations that tract length and VOL. 27, 2007 CROSSOVER ASSOCIATED WITH LONG GENE CONVERSION TRACTS 5269 crossover would extend to mammalian recombination. These results are supported by observations of TI-112 (Fig. 4) , in which long tracts are required for selection. Although there is no corresponding requirement for crossover, approximately half of long tracts in the TI-112 system are indeed associated with a crossover (Fig. 4) . The results of our study may suggest that crossovers can occasionally occur in association with short conversion tracts (Fig. 4) , which are necessarily defined by the inclusion of known polymorphic markers. However, in each case crossover-associated conversion tracts could extend significantly beyond the last polymorphism known to be included within the tract, which would then constitute a tract of at least several kilobases in length. The high fraction of multilocus LOH attributable to crossover in the forward mutant spectrum of TK6 lymphoblasts and their derivatives (47) is similar to that for other somatic cell types in vivo (33, 49, 61, 78, 92) and in vitro (19, 20, 43) , suggesting that the crossovers observed in this study are not atypical. Studies examining the crossover association of DSB-induced interchromosomal gene conversion in mammalian cells are quite limited. A strong relationship between conversion tract length and crossover might explain the absence of crossovers in systems that preclude or select against long conversion tracts. For instance, when homologous substrates were short, crossovers were unobserved (71) . Only one other study has been performed to date that could potentially detect both CO-LOH and CO-No-LOH products in association with DSB-induced interallelic gene conversion. In this mouse embryonic stem (ES) cell study (83) , crossovers were not observed and conversion tracts were overwhelmingly short; 158/162 were 1 kb long or less, and 145 of these were less than 0.3 kb in length (83) . The reason that only a few long tract convertants were observed (83) may in part be due to the potential for coconversion of the closely placed (526 bp) inactivating mutation on the opposite allele. A similar marker configuration has been shown to significantly reduce the recovery of long tracts for interallelic gene conversion in yeast (64) . In addition, the restriction fragment length polymorphism markers used for linkage analysis did not permit determination of crossover association for the few long conversion tracts that were recovered (83) .
Long (3.2-kb) and one-sided gene conversion tracts were frequently observed in other ES cell studies involving short interchromosomal substrates (69) or a tandem repeat recombinational substrate designed to observe unequal sister chromatid recombination (42) . Notably, long conversion tracts in these systems would necessarily extend into regions of nonhomology (42, 69) or through a region of interrupted homology (42) . Restrictions on the formation of extensive heteroduplex DNA may thus account for the lack of crossovers in these investigations. Further insight might also be inferred from analysis of common tumor-associated chromosomal translocations, which map to the very long homologous regions (Ͼ10 kb to 400 kb) within the genomic features known as low-copy repeats and which are attributed to crossover (6, 8) . In contrast translocations in somatic cells involving relatively short sequences such as Alu repeats are generated by single-strand annealing or nonhomologous end joining (22, 70) rather than crossover, and breakpoint analysis of many tumor-associated translocations supports these observations (93) .
Recombination following endonuclease-induced sister chromatid breaks. The use of HLA enabled the observation that I-SceI sites from sister chromatids had each been cut and undergone separate conversion events (Fig. 7) , at least in a subset of convertants. This would be expected to commonly occur in studies that utilize highly expressed endonucleases for generating DSBs, but it has rarely been possible to rigorously identify and characterize such events (42) . Interestingly, 6/12 CO-LOH-A crossovers in TSCER2 (Fig. 6j to m) were selectable only due to the occurrence of a second conversion tract, since the crossover-associated conversion tract did not restore TK function (Fig. 7, class 3) . Due to the configuration of the markers in the test locus, this pathway cannot lead to the recovery of CO-LOH-B or CO-No-LOH events. We therefore hypothesize that long continuous tracts are common but are recoverable only in the CO-LOH-A category, thus accounting for the bias in recovery of the CO-LOH-A category among TSCER2 crossovers (Table 1) . It should be noted that CO-LOH-B tracts are all necessarily long and complex, suggesting that these occur less frequently than long and continuous tracts. These results also suggest that the TSCER2 system is efficiently scoring crossovers that occur, although there may still be an underestimate for nonfunctional crossover alleles which did not cosegregate with a separately converted allele that had been restored to function.
The higher recovery of crossovers in this study is unlikely to be attributable to the occurrence of two DSB, since other endonuclease-induced mammalian and yeast studies would have a similar circumstance. The difference here is the ability of HLA analysis to dissect out the independent conversion tracts arising from each break (Fig. 7) . This analysis reveals no evidence that the occurrence of two breaks affected the nature of the resultant conversion tracts. In contrast, each tract generally appears to be independent of the other based on analysis of internal structure and length ( Fig. 5 and 6 ). The likelihood of crossover association would also appear to be unaffected based on comparison of our results to those on endonucleaseinduced recombination in other systems. For example, mammalian cell studies generally report few if any crossovers (42, 83) , though the opportunity for two strand breaks is similar to the situation in the present investigation. In Drosophila melanogaster, the crossover fraction has surprisingly been reported to increase when the I-SceI endonuclease was expressed at a lower level (74) .
A previous study of 38 I-SceI-induced TSCER2 convertants did not observe any crossovers as measured by multilocus LOH (37) . This is in contrast to our observation that 12/95 (0.13) TSCER2 convertants could be classified as CO-LOH-A events (Fig. 4B) . To understand the difference in these findings, it is important to appreciate that half of the CO-LOH-A convertants reported here required two conversion tracts to be selected (Fig. 6j to m) . We hypothesize that the recovery of this group of crossovers in the earlier study (37) may be specifically diminished due to the utilization of an electroporation technology for transfection of I-SceI expression plasmid that was orders-of-magnitude less efficient (38; E. A. H. Neuwirth and A. J. Grosovsky, unpublished results). This efficiency difference may further be reflected in a 40-fold-higher conversion frequency (Table 1) compared to previous results (37) . We thus suggest that the adjusted number of expected crossovers in the previous collection of 38 I-SceI convertants would be (0.13)(38)/2 ϭ 2.47. The failure to observe any crossovers could be attributable to the smaller size of the collection and statistical fluctuations in recovering an anticipated 2.5 crossovers.
Unconstrained gene conversion tracts are often long. Two conversion events within the same recombinant clone made it possible to analyze a conversion tract that was not restricted by the requirements of selection. Significantly, unconstrained tracts were often long, at least 7.0 kb, and included both crossover-associated and non-crossover-associated tracts ( Table 2) . The data reported here represent the first mammalian cell analysis of interchromosomal homologous recombinational repair tract length in a nonselective context and demonstrate that conversion tracts extend over a much longer region than generally reported with short homologous substrates (21, 23, 87) . As discussed above, in a study of mouse ES cell interallelic recombination (83) , tracts constrained by selection to be unidirectional were primarily very short. Locus design constraints in TSCER2 also exist, since in the absence of cosegregation with a wild-type allele, coconversion of the exon 4 FS 7 kb from the cut site precludes the selection of long, noncrossover convertants ( Fig. 1; Table 4 ). However, the observation of long and unconstrained tracts among noncrossover conversion tracts (Table 2) suggests that a significant portion of the selectable conversion tract spectrum was actually longer than could be established here due to the distance between available polymorphic markers ( Fig. 1; Table 4 ). Additionally, these findings suggest that long tracts that coconvert exon 4 would represent a significant component of all recombination that occurs, even if they are not represented in the collection of convertants.
Evidence for triparental recombination in mammalian cells. Several convertants (Fig. 5o and w and 6d) which retain all or part of the I-SceI site on the recombined chromosome were recovered. This could suggest the recovery of spontaneous convertants in the collection, although this seems unlikely due to frequency considerations. The background interchromosomal conversion frequency in a closely related cell line is 3 ϫ 10 Ϫ8 (67; Neuwirth and Grosovsky, unpublished data), whereas the I-SceI-induced conversion frequencies are 4,000 ϫ 10 Ϫ8 in TSCER2 and 154 ϫ 10 Ϫ8 in TI-112 (Fig. 6 ). An alternative explanation is that these convertants are I-SceI induced and are products of a previously described triparental recombination mechanism (27) . Under this model, the ends of one break separately invade the homolog and the sister chromatid. Recombination with the homolog eliminates the I-SceI insert but allows conversion of adjacent markers, whereas recombination with the sister restores the I-SceI site on the broken chromatid. The small set of convertants that retain the I-SceI site on the recombined chromosome are consistent with the predictions of this model and thus may be considered evidence for the occurrence of this pathway in mammalian cells.
Potential mechanisms for long tract recombination. The only recombinational model that can explain the full spectrum of observed convertant clones is the DSBR model for recombination (84, 86) . Other models that allow for crossovers, such as a migrating D-loop model (24) , are one sided and do not allow for convertants with complex alterations such as bidirectional tracts with donor allele alterations (see, for instance, Fig.  5c to f). There are several processes within the DSBR model which might be responsible for the very long tracts observed in TI-112 and TSCER2 convertants. Donor allele conversion in interallelic yeast systems was previously reported as evidence of Holliday junction branch migration and mismatch repair within symmetric heteroduplex DNA (57, 64) and similarly could explain the complex tract structures observed in TI-112 ( Fig. 8a1 ; Tables 3 and 4 ) and TSCER2 (Fig. 6) . In support of this model, symmetric heteroduplex DNA in mammalian cells has been reported in analysis of targeted gene insertion (9) , occurring within crossover-associated conversion tracts of as long as 6 kb. If long symmetric heteroduplexes formed in TI-112, we would expect opposite-allele conversion of exon 4, which is relatively close to the I-SceI site, to occur more frequently than discontinuous conversion involving the more distant exon 1 (Fig. 1) . However, we found that discontinuous conversion of exon 1 was four-to fivefold more common than donor allele conversion of exon 4 ( Table 3) .
The predominance of exon 1 conversion among TI-112 convertants can alternatively be explained by an asymmetric heteroduplex DNA model if combined with D-loop displacement and pairing (Fig. 8) . Long repair synthesis could drive the formation of a long asymmetric heteroduplex (10, 55) , although repair synthesis and resection must be equally long for Holliday junctions to form (66) . The necessary resection could most simply occur prior to strand invasion (Fig. 8b) , although it has been suggested (55) that resection could be completed following strand invasion (Fig. 8a) . Either way, generation of a selectable outcome in TI-112 by this model would require conversion of exon 1 without coconversion of exon 4 ( Fig. 1) , resulting in the observation of a "discontinuous" conversion tract. The action of mismatch repair on the heteroduplex can VOL. 27, 2007 CROSSOVER ASSOCIATED WITH LONG GENE CONVERSION TRACTS 5271 produce the necessary configuration for selection if heteroduplex pairings in exon 4 and exon 1 are separately resolved. Since mismatches have been reported to be independently repaired when separated by only hundreds of bases (59), the 4.3-kb interval between the exon 4 and exon 1 polymorphisms (Fig. 1 ) seems sufficiently long to allow for independent resolution.
Conclusions.
The results presented here suggest that long gene conversion tracts are surprisingly frequent. Furthermore, crossovers were strongly associated with long tracts, even though shorter crossover-associated tracts were just as easily observable. Many of the long tracts observed here were also complex, which could potentially be an additional factor stimulating crossover. It has been suggested (95) that crossovers are suppressed in order to avoid the mutagenic potential associated with LOH or translocations and that crossover may be suppressed in human cells to a greater extent than in yeast (83) . However, the findings presented here suggest that yeast and humans may be more comparable than previously known with respect to the regulation of crossover.
